This study examines telecommunications productivity, technological catch-up and innovation in 74 countries for the period 1991-1995. A summary of partial productivity indicators is presented, and total factor productivity (TFP) growth is calculated using the Malmquist productivity change index. Decomposition of the Malmquist index provides preliminary evidence that developing countries can enhance productivity through catch-up. An econometric model is estimated that relates innovation to market size and two measures of market structure, viz., market concentration and private ownership. Model estimates support the Schumpeterian hypothesis that market size is conducive to innovation. However, the hypothesis that concentration (the dominant carrier's share of international message telephone service (IMTS) traffic) is positively related to innovation is rejected. Finally, the model suggests that increased private ownership of the dominant local-exchange carrier can enhance innovation.
Introduction
Telecommunications enhance national productivity by reducing transaction costs, improving marketing information, and accelerating the diffusion of knowledge (Antonelli, 1991; Greenstein & Spiller, 1995) . In an emerging global economy, characterised by greater trade liberalisation and increasing information needs, telecommunications provide a basis for competitive advantage. The efficient provision of telecommunications services facilitates the ordering, payment and delivery of traded goods and services, whilst electronic commerce promises to make trade less expensive, easier to transact, and more extensive in geographical scope (ITU, 1997a) . Further, as new technology and applications become available when there is potential to open up new information-based service markets. As such, telecommunications sector investments and reforms to market structure are a priority for many governments and international development agencies (European Bank for Reconstruction and Development (EBRD), 1995; Federal Communications Commission (FCC), 1997; Kaji, 1996 ; Organisation for Economic Cooperation and Development (OECD), 1997a; World Trade Organisation (WTO), 1997). In developed nations, policy makers and telecommunications management are endeavoring to attract investment to fund the rapid growth of Internet infrastructure and related value-added services. Whilst developing countries wish to access the range of opportunities offered by the new infrastructures and related services, universal and affordable access to basic services remains a priority.
Until recently, telecommunications services have been provided almost exclusively by publicly owned monopolies. This mandated supply was typically justified by natural monopoly arguments and was often tied to an obligation to provide universal service (basic telephony) to customers even if not economically viable to do so. In an environment of rapid technological change, recent telecommunications sector reform recognises that competition is better able to deliver innovation, increased productivity and lower prices. The transfer of telecommunications from the public to the private sector has also become an important objective of policy. It is generally believed that private sector ownership supports greater efficiency, innovation and improved customer service as managers formulate strategies in accordance with commercial motives.
The measurement of carrier (sector) performance is an essential part of the development, monitoring and evaluation of government reform. Productivity measurement allows evaluation of telecommunications sector performance against international best practice. It is also possible to decompose productivity into its catch-up and innovation components, and to isolate factors that explain productivity variations across countries. This study examines trends in telecommunications productivity, technological and innovation catch-up in 74 countries for the period 1991-1995. Section 2 describes sample data, whilst Section 3 presents a selection of commonly used telecommunications productivity indicators. Linear programming methods are used in Section 4 to calculate the Malmquist index of TFP growth. Further, the index is decomposed into changes in technical efficiency over time (catch-up) and shifts in the frontier technology (innovation). An econometric model is specified in Section 5 to relate innovation to market size and the measures of market structure: market concentration; and private ownership. Model estimates are then reported herein, and are used to test the Schumpeterian (1934, 1939, 1942) hypotheses that market size and monopoly power are conducive to innovation. Conclusions and policy implications are presented in Section 6.
Data and sample characteristics
Annual data is collected from the ITU's (1997b) ¼orld ¹elecommunication Indicators Database for 74 countries for the period 1991 . According to IMF classification (1997 , 19 of the countries contained in the sample are African (AF), 13 are Asian (AS), five are Developing Europe
The ITU (1998) consider a teledensity of 50 as a level reflecting high telecommunications development. Canada permitted facilities-based competition on the US-Canada route only. The rapid take-up of mobile cellular services suggests that mobile access paths should be factored into calculations of the total number of telecommunications network access paths. Unfortunately, these data are unavailable for many of the sampled countries so we use the traditional measure, telephone mainlines.
(DE), 20 are industrialised (I), six are Middle Eastern (ME), and eleven are from the Western Hemisphere (WH). Indicators of economic and telecommunications development for the sample are presented in Table 1 .
Countries are ranked from lowest-to-highest GDP per capita. Teledensity, an international standard measure of network development, varies from 0.08 mainlines per 100 persons for Chad to 68.34 for Sweden. As expected, teledensity, international outgoing minutes per capita, and the number of cellular subscribers are greater for higher-income countries. Received evidence suggests a positive relationship between telecommunications infrastructure and usage and national income (Cronin et al., 1991; Taylor, 1994) . Outgoing minutes per capita are particularly high for Hong Kong, Luxembourg and Switzerland. This is not surprising as Hong Kong is a significant trading entrepot in the Asia-Pacific, whilst Hong Kong, Luxembourg and Switzerland are important entrepots for the information-intensive finance sector. A positive relationship between population per square km and teledensity is also apparent. Many lower-income countries have low population densities with the majority of the population living in rural and remote regions. In these countries, however, over 80% of telephone main lines are located in urban areas (ITU, 1997a) . Telecommunications market structure is described here by the private ownership share of the dominant local-exchange carrier (Priv), and the presence of facilities-based competition in IMTS markets (Comp) . Of the 74 sample countries, 18 permitted private ownership of the dominant facilitiesbased local exchange carrier at 1995, whilst 11 allowed competition in IMTS markets. The most liberal countries, in terms of permitting both private ownership and competition, are Indonesia, Japan, New Zealand, Philippines, South Korea, the UK and the US. Sampled countries are typically characterised by public ownership of local-exchange markets and monopoly service provision in IMTS markets.
Productivity indicators
Given the problems associated with measuring the financial performance and program effectiveness for publicly owned monopolies, productivity measures are generally regarded as a more reliable indicator of industry performance than profitability. When multiple inputs and outputs are involved in the production process it is possible to construct a variety of partial productivity measures to compare inputs and outputs. Commonly used telecommunications (partial) productivity measures are mainlines per employee, output per employee and capital per employee. A summary of these indicators for the period 1991-1995 are reported in Table 2 .
Mainlines per employee (MPE), the ratio of telephone mainlines to the number of full-time equivalent employees, provides an indication of labour productivity relating to the construction, maintenance and operation of the network. Although not strictly comparable due to differences in sub-contracting arrangements between PTOs, MPE does identify large differences across countries. South Korea, Luxembourg and Japan have the highest MPE, more than twice the sample average in 1995. In terms of growth rates, Iran (30% per annum), Indonesia (27% per annum) and Equador (22% per annum) are the best performing countries for the sample period. Market liberalisation in many countries has resulted in a decrease in employment which would be expected to improve MPE. It is interesting then that despite extensive liberalisation and PTO job shedding in recent years, Australia and New Zealand perform well below average for industrialised countries. This suggests that their labour productivity is still relatively low despite company labour shedding.
Another indicator of labour productivity is revenue per employee (RPE), the ratio of total telecommunications service revenue to the number of full-time equivalent employees. This productivity indicator is particularly sensitive to price and labour shedding effects and should be interpreted with caution. Nevertheless, Switzerland and Japan, have RPE levels more than four times that of the sample average. Japan's performance of USD 422,402 per employee is partly explained by the high value of the yen over the sample period, and by the substantial reforms and labour reductions undertaken by Nippon Telegraph and Telephone Corporation in recent years (Bureau of Industry Economics (BIE), 1995; ITU, 1995) . Industrialised countries generate substantially more RPE than other countries contained in the sample. Average RPE for the 20 industrialised countries in 1995 was twice the sample average and six times that of the 19 African nations. However, countries with the greatest proportional increase in RPE between 1991 and 1995 were Nigeria (33% per annum), Equador (31% per annum) and Venezuela (29% per annum).
Revenue per line (RPM), the ratio of total telecommunications service revenue to main telephone lines, is a measure of capital productivity. RPM provides a guide to the intensity of telecommunications network usage and is important to investment planners as it provides an indication of the payback period. In 1995, RPM was more than USD 2000 in Papua New Guinea (PNG), Nigeria and Switzerland. Countries with a relatively high ratio of IMTS revenue to total revenue generally perform well on this indicator. Switzerland's telecommunications revenue is dominated by IMTS traffic volumes, whilst telecommunications revenue in PNG and Nigeria is relatively high per telephone mainline because of high IMTS calling prices. Many low-income countries perform well with respect to RPM because their IMTS calling prices are set well above the cost of service provision (ITU, 1995) . Their revenues are often used to subsidise domestic telecommunications activities, develop infrastructure, and contribute to government's consolidated revenue (Cave & Donnelly, 1996) . Since RPM can reflect high prices rather than improved productivity, this indicator should, ideally, be deflated by a national telecommunications service price index. Table 2 suggests that the MPE and RPE performance of (higher income) industrialised countries is substantially better than that of all the other countries contained in the sample. Industrial countries also perform relatively well in terms of RPM, but the difference between industrialised and other countries is smaller. These relationships are reflected in Figs. 1-3 which show a strong positive relationship between MPE and GDP per capita, and RPE and GDP per capita. RPM and GDP per capita are effectively unrelated. When examining productivity growth rates across country groups, all non-industrialised country groups outperform the industrial countries with respect to MPE. Industrial country RPE growth rates are behind those of developing Europe, and about equal with the Middle East and Asia. These data provide preliminary support for the Distance functions are functional representations of multiple-output-multiple-input technology which require only input and output quantity data.
existence of a technology catch-up effect in telecommunications, with (lower income) less industrialised countries displaying a propensity for higher productivity growth.
Total factor productivity growth, catch-up and innovation
The partial productivity measures described above should be interpreted with caution as changes in an indicator may reflect changes in input mix, rather than fundamental productivity change. An apparent rapid increase in labour productivity may simply result from capital for labour substitution. By examining TFP a more accurate indication of productivity performance is gained. TFP is defined as the ratio of aggregate output to aggregate input, with outputs and inputs generally aggregated according to revenue and cost share weights, respectively. TFP growth is often calculated using the To¨rnqvist index
where 2 7 is To¨rnqvist index calculated TFP growth, represents time differences (proxied by log differences), r G are output revenue shares, y G are outputs, s H are input cost shares, x H are inputs and ln is the natural logarithmic operator. Eq. (1) states that TFP growth is the weighted sum of output growth rates less input growth rates, where the weights are the average output revenue shares and average input cost shares.
When detailed cost or revenue share data are not available, linear programming methods can be used to calculate productivity growth (Charnes et al., 1978; Fa¨re et al., 1994; Farrell, 1957) . The Malmquist index of productivity change is obtained by constructing quantity indices as ratios of distance functions (Caves et al., 1978; Malmquist, 1953) . Fa¨re et al. (1994) calculate the component distance functions of the Malmquist index using non-parametric programming methods, and construct a world best-practice frontier from the sampled countries, and compare country performance to the frontier. How much closer a country is to the (best-practice) world frontier the greater is termed 'catch-up'. Further, how much the world frontier shifts at each country's observed input mix is termed 'technical change' or innovation (Fa¨re et al., 1994) . This definition of innovation refers specifically to technological process innovation (as opposed to technological product innovation), or that associated with the adoption of new or significantly improved production methods, including methods of product delivery (OECD, 1997b) . The product of catch-up and innovation is the frontier measure of productivity change.
Consider a single-output-single-input industry, Fa¨re et al. (1994) specify an output-based Malmquist productivity change index (m )a s
The Malmquist index is more general than the To¨rnqvist index as it allows inefficient performance and does not require an underlying functional form for technology to be specified.
The per-minute cost of an average world international telephone call is obtained from TeleGeography Inc. (1996) . Whilst the average per-minute cost of an international telephone call for each country is desirable, these data are generally not available for non-OECD countries. As changes in production are being calculated, the TeleGeography Inc. measure provides a reasonable proxy from which to calculate changes in international and domestic revenue for each country.
Malmquist index estimated by DEAP »ersion 2.1 (Coelli, 1996) .
where dR (x R , y R ) is the output distance function at time t, and xR I and yR I represent the input and output quantities of firm k at time t. Eq. (2) is the productivity of the production point (x R> ) relative to the production point (x R ). TFP growth is the geometric mean of both output-based Malmquist TFP indices, where one index uses period t technology and the other period t#1 technology (Coelli, 1996) . The Malmquist productivity change index is rewritten as
where TECHCH is technical change, PEFFCH is pure efficiency change, and SEFFCH is scale efficiency change. The scale-change and pure-efficiency change components are decompositions of efficiency change (EFFCH) calculated relative to constant returns to scale (CRS). That is, EFFCH " PEFFCH;SEFFCH. PEFFCH refers to efficiency change calculated under variable returns to scale (VRS). Thus, an interesting feature of the Malmquist index (as opposed to the To¨rnqvist index) is that it allows productivity growth to be decomposed into technological change or innovation (shifts in the frontier technology) (TECHCH) and changes in technical efficiency (catch-up) (EFFCH). The Malmquist index and subsequent decompositions are calculated here for the sample of 74 countries for the period 1991-1995. Telecommunications output is measured by international output, domestic output, and quality of output. International output is minutes of international outgoing IMTS traffic. To estimate international revenue, minutes of outgoing IMTS traffic are multiplied by the average per-minute cost of an international telephone call. A proxy for domestic output, domestic revenue, is obtained by subtracting international revenue from total telecommunications service revenue. Domestic revenue is then deflated by the CPI (1987"100) to generate real domestic telecommunications service revenue as the measure of domestic output. Quality of output is included to account for differences in service quality across countries. This measure is defined as one less the ratio of waiting list for main lines to total main lines. As quality of output approaches one, a country is deemed to have a higher level of service quality. Input measures are labour, the number of equivalent full-time telecommunications staff, and capital, the number of main telephone lines. Table 3 reports annual averages for the Malmquist productivity change index and associated CRS and VRS decompositions. A value greater than one for TFP and its components represents an improvement in performance, whilst a value less than one represents declining performance. The average TFP growth rate across the sample from 1991 to 1995 is 0.9%. On average, this growth was due to innovation (TECHCH) rather than improved efficiency (EFFCH). TFP growth is highest for the subsample of industrialised countries (10.2% per annum), whilst average TFP Competition in IMTS markets is a leading indicator of government intention to liberalise other telecommunications services markets. As such, this measure is a proxy for market concentration in the telecommunication industry as a whole. Syria (15.6% per annum). Both Poland and Romania are undergoing transition from centrally planned to market economies, and have been recipients of substantial EBRD and European Investment Bank infrastructure funding in recent years. For instance, Poland received USD 182.1 million from the EBRD in 1992 for the modernisation and expansion of telecommunications infrastructure. Comparison of EFFCH (CRS) with TECHCH, and PEFFCH (VRS) with TECHCH, shows that the TFP growth performance for the above-mentioned non-industrialised countries is due to catch-up. Under CRS, innovation is the main contributing factor to productivity growth in 54 countries, and catch-up is the main contributing factor in the remaining 20 countries. Under VRS, catch-up dominated productivity growth in 22 countries. Under both CRS and VRS, only one of the designated catch-up countries is industrialised, Greece (VRS). In summary, the Malmquist index decomposition broadly supports the conclusions from Section 3. That is, countries with relatively low levels of telecommunications (and economic) development have the ability to enhance telecommunications productivity growth through technological catch-up. These results also suggest that the traditional single-factor productivity measures generally provide a qualitatively similar picture to that of (multi-factor) TFP.
Innovation, market size and market structure
Further information on telecommunications performance and competitiveness can be obtained by examining innovation within the structure-conduct-performance framework. An econometric model is specified which relates telecommunications innovation (Inov) to market size (Size), market concentration (Con) and privatisation (Priv):
where i"1, 2 , n, t"1, 2 , ¹, G is the intercept for the ith country, through are slope parameters, and u GR is a white noise error term. Size is the log of country i telecommunications revenue (1987 USD) less the log of mean sample revenue. Schumpeter (1934 Schumpeter ( , 1939 Schumpeter ( , 1942 suggests that firms in large markets have the scale of production plus the finance and marketing expertise to exploit new technologies quickly. Since capitalism involves innovations continually superceding each other, the incentive to innovate is positively related to a firm's ability to exploit that innovation rapidly. Large firms are also likely to devote more resources (in absolute terms) to research and development (R&D) and will be more successful (assuming R&D displays increasing returns to scale) in generating innovation. Con is proxied here by the log of the dominant country i carrier's share of IMTS traffic. In highly concentrated industries, firms with market power are better able to internalise the profits from innovation. Positive values for and support the Schumpeterian hypotheses that market size and fewness (of competitors) are conducive to technological progress, when measured by innovation. Finally, Priv is the log of one plus the private ownership share of the dominant local-exchange Denotes significance at the one percent level.
Diagnostic testing of OLS residuals suggests the presence of autocorrelation and heteroskedasticity. Estimates of individual intercept terms for all models are available on request from the authors.
carrier. Generally, privately owned enterprises have more incentive to innovate and operate efficiently than public enterprises so a positive sign for is expected. Eq. (4) is estimated for the sample of 74 countries for the period 1991-1995. Generalised least squares is used to correct for within group autocorrelation and groupwise heteroskedasticity. Model estimates are reported in Table 4 .
Model estimates show that the estimated coefficient for Size is both positive and significant. Countries with large telecommunications markets, when measured by revenue, have greater rates of innovation. A percent increase in size leads to a 0.03% increase in innovation. The estimated coefficient for Con is not significant. This estimate does not support Schumpeterian expectations that concentration is conducive to rapid technical change, measured by innovation. The coefficient for privatisation (Priv) is positive and significant. Private ownership, in the short-run, imposes a stricter operational discipline on telecommunications carrier management than the introduction of competition and the consummate decline in market concentration. It is also likely that private ownership is proxying for potential competition, given that telecommunications reforms usually include privatisation as a precursor to the introduction of competition. Any increase in the level of private ownership may provide a signal to telecommunications carriers that increased competition for market share may be forthcoming.
Conclusions
In the emerging global economy the efficient delivery of telecommunications services provides a basis for competitive advantage. As such, telecommunications sector investments and reforms to market structure are a priority for many governments and development agencies. Accordingly, the measurement of sector performance is an essential part of the development, monitoring and evaluation of reform programs. By measuring telecommunications productivity across a sample of countries it is possible to evaluate the performance of this key sector by comparing it to standards of international best practice.
This study examines telecommunications productivity, innovation and technological catch-up in 74 countries for the period 1991-1995. A summary of typical (partial) productivity indicators for telecommunications is presented. The partial productivity measures presented here are comparable with estimates from previous telecommunications studies (BIE, 1995; ITU, 1995 ITU, , 1998 OECD, 1997c) . These indicators provide support for the existence of a technology catch-up effect in telecommunications, with (lower income) non-industrialised countries displaying propensity for higher productivity growth. TFP growth is also calculated by using the Malmquist productivity change index. The index is decomposed into shifts in the frontier technology and changes in technical efficiency. This decomposition allows the identification of countries that are innovating in telecommunications and countries that are catching-up. Evidence from this decomposition is generally consistent with observations from partial productivity indicators. That is, developing countries can enhance telecommunications productivity through technological catch-up. This in turn suggests that the traditional single-factor productivity measures, MPE, RPE and RPM, provide a useful indication of telecommunications productivity performance.
Between 1984 and 1996, 44 publicly owned carriers had been privatised, raising USD 159 billion. Econometric estimates provide some support for the Schumpeterian hypothesis that market size is positively related to innovation; but contrary to Schumpetarian hypothesis expectation, increased market concentration (or fewness of competitors) does not positively influence innovation. The reported positive impact of private ownership on innovation is probably attributable not only to privatisation, but also to the anticipation of competition. This tends to support the ongoing programs of privatisation in the telecommunications sector.
